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The   Nev;  York  University   Group   of   the    Applied 
Ffithematlcs   ^anel   Is  grateful    to   the   Lif.lson  Office 
of   the    O.o.R.D.    for  providing   a   copy   of   n.    ■"'.    .i/raser's 
work,    conpleted   in   the   years   1940-41,    which  v/as  needed 
in    connection  v;5  th  a   request  from    the   Pureau   of 
Aeronautics,      The   following    analysis    of  I'raser's   re- 
sults   (by  Y,    0.   Frledrichs)    v.-as    carried    out.    In   the 
lif^ht  of  more   recent   shock   theory,    in   the   hope   of 
makinp    these   results  useful    for   application    to 
various  problems   of    supersonic   flov/, 

R.    courant 
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REMARKS  AnOUT  R.  P.  FPASER'S  REPORTS  ON  JET  RESE/.RCH 

The  object  of  the  present  Tnemorandum  is  to  discuss 
and  to  interpret  experinental  results  presented  by  R.  p. 
Eraser"  in  a  series  of  most  remarkable  shadow  photographs 
of  the  jet  flowing  out  of  exhaust  nozzles  and  orifices  at 
high  speed.   These  photographs,  it  seems,  can  be  deciphered 
more  completely  novif  than  had  been  possible  in  the  years 
1940-41  since,  in  the.meantirre,  a  deeper  theoretical  under- 
standing of  possible  patterns  of  shock  and  expansion  waves 
has  been  attained.   On  the  other  hand,  a  proper  interpreta- 
tion of  experimental  results  such  as  those  by  Frasor  might 
bo  important  for  the  investigation  of  phenomena  inside  ex- 
haust nozzles  of  rocket  motors  and  other  devices. 

Under  this  point  of  view  those  results  by  Eraser 
will  bo  analyzed  here  which  seem  connected  with  matters 
of  some  actuality. 

The  first  report  (July  1940)  concerns  flows 
through  nozzles  Involving  various  kinds  of  changes  such 


'Eraser,  R.  P.:   Plow  through  Nozzles  at  Supersonic  Speeds  - 

Four  interim  reports  on  Jet  Research,  July  1940 
to  June  1941. 

Ministry  of  Supply  D.  S.  R.        WA  -  1513  -  la 
Extra  ?Tural  Research 
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as   a   grid   inscribed   in  the   nozzle,    a  relatively   long  par- 
allel  section   at   the    throat,    a   co-ax5al   ledge   at   the    throai, 
nozzles  whose   divergent   t^nd    conv(rgent   parts    are    out   o^   line 
The  result   is   thfct  all    these    changes   arc   not   seriously  detri- 
mental   to   the   jet.      Also  nultiple    nozzl-is   are    investigated; 
they   involve    cons"derablc   losses.      ('"hotos    78   to   110  belong 
to  this    series).      ^hoto   78,    e.g.,    shows   very   clearly    the 
Mach   lines   in  the    jet  resulting  from   slight  disturbances 
at   the    nozzle    wall. 

Of  more   specific    Tnterest   for  us    is    the    second 
report    (Oct.    1940   and   Jan.    1941).      A    set   of   nozzles   wi"  th 
half-angles   of  divergence    from  5      to   30     are    investigated. 
All    these   nozzles   have   the    same    throat  area   and   the    same 
exit   area    (in   ratio    1    to   6) .      These   areas    correspond,    on 
the    basis    of    the    hydraulic    theory,    to    a   ratio    60    to    1    of 
chamber   to  exhaust   pressure;    i.e.,    if    the    chamber   pressure 
is   60  atm   then   one   expects    the    jet   to   have   expanded    to 
just   1   atm  at   the    exit,      '^hc    contour   line    of    the   nozzle 
consists   of  two    sections.      The    convergent  entry   section 
is    £n   arc   of  a    circle    \\h'ch    just   attc.^ns   axial   direction 
at   the    throat;    the    divergent   section   of   the    contour   is   a 
straight  line;    (i.e.,    the    divergent   section   of   the   nozzle 
is   conical).      This   design  was    chosen   for    simplicity    in 
mt  nufactur ing   and   adjustment;    it    injlies,    of    course,    a 
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consiaercbla    chfinge    in  dJrection   at   the    throat    (from    5°    to 

o  2 

30  ).   Air  under  pressures  ranging  from  1200  to  200  lb/in 

(i.e.,  80  to  13  atm)  was  fed  to  the  chamber  and  the  result- 
ing jet  emergiog  from  the  nozzle  mouth  was  photographed. 
The  jet  was  apparently  steady. 

For  the  interpretation  of  the  photos,  the  follow- 
ing considerations  are  essential.   Suppose  a  con^'cal  sur- 
'face  (or  any  surface  of  revolution)  encloses  air  of  greater 
density  thv-n    that  of  the  air  outside.   (See  Table  1)   Then 
light  rays  crossing  perpendicularly  to  the  axis  will  be  so 
deflected  that  the  image  of  the  cone  on  the  photogr;  ph  con- 
sists of  an  unexposed  (v^rhite)  str^'p  tov/ard  the  ins'^'de  of 
the  cone  contour  followed  by  an  overexposed  (dork)  region.'"' 
This  applies  to  shock  fronts  facing  outward  (i.e.,  across 
Vifhich  the  air  enters  the  interior  of  the  cone)  and  to  con- 
tact surfaces  (i.e.,  stream  surfaces  separating  regions  of 
different  density).   The  same  applies  to  rarefaction  ¥/ave 
regions  when  the  air  stream  crosses  thorn  from  interior  to 
exterior;  since  rarefaction  waves  spread  and  do  not  repre- 
sent sharp  discontinuities  the  effect  is  less  pronounced. 

If  the  density  inside  of  the  cone  is  less  than 
that  outside,  the  image  consists  of  an  overexposed  (dark) 
strip  at  the  outside  and  r.n  underexposed  (light)  region 


:-Cf.  -Hilton,    ^roc.    Poy.    Soc.    A    169,    174    (1938) 

H.    Lewy;    B.R.L.,     '^berdeen,    Rep.    No.    373    (143) 
Ph.    C.   Keenan,    Expl.    Res.    Rep.    No.    11    (Po2c) 
Navy   Dept.    Bureau   of   Ord  ,       V/ash.    (Pest.) 
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towrrd  the  'ns5de  of  the  cone   contour.   This  applies  to 
shock  fronts  fc'cing  in\v?:rd;  r'.e.,  across  v/hlch  the  ajr 
leaves  the  interior  of  the  cone,  and  to  contact  surfaces. 
A  comnon  feature  of  all  the  photographs  of  jets 
coming  out  of  nozzles  is  a.  sharp  white  strip  beginning  at 
the  nozzle  rim.   This  strip  is  due  to  the  fact  that  the 
boundary  of  the  jot  is  a  contact  surface  and  it  indicates 
that  the  density  in  the  jet  is  greater  than  that  of  the 
outside  air,   (Greater  density  of  the  jot  would  imply  lowor 
temperature  since  the  pressure  is  the  same  at  both  s^'des  of 
the  jet  boundary.   Probably  the  chamber  tempera,  turo  w."  s  not 
excessively  high;  in  that  case,  the  jet  temperature  should 
be  very  low  indeed).   As  is  expected,  the  discontinuity  at 
the  jet  boundary  develops  into  a  boundary  layer  which 
gradually  d-i  sintcgra.tes ;  vortices  are  formed  and  the 
flew  becomes  a^.-jit.  tod,   "^his  is  indlc!:.ted  rather  definite- 
ly in  the  photogra.phs, 

o 

When  the    chamber  pressure   is  gret:ter    than  900   lb/in    , 

for  which  the   nozzle   v;as   designed,    the   pressure    in   the    jot 
at   the   mouth  will   be  greater   than   one   atmosphere.      Hence, 
a   rarefaction  wave   across  which  the  pressure    is   adjusted 
to   the   atmosphere    is  expected   to    start   at   the   nozzle   rim. 
"=!.uch   a  wave    seems   indicated   as   a   white    str^p    in   photo    48 
(Table    2)    which  shov/s    the    jet    coming   out   of   the    5      nozzle 
(No.    24)    (Table   1)    working  with  1170   lb/in      chamber   pressure. 
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Tho  ri^-ref action  wave  disappears  when  the  mouth  pressure 
Is  about  1  atm;  and.  when  tht  mouth  pressure  has  fallen 
below  1  atm,  a  shoc^'  front  !s  needed  for  adjustment. 
This  is  the  situc;t3  0n  for  the  flow  shown  in  photo  49 
(Table  2)  cor  respond!  nfr  to  800  lb/in'"  ch£:mber  pressure. 
A  weak  conical  shock  front  begins  at  the  rim  which  is 
"reflected"  as  a  second  conical  shock  front.   It  i^ 
interesting  to  note  that  the  v/hlte  strip  which  indi- 
cates the  reflected  shoclc  front  shows  up  much  clearer 
than  the  light  region  preceding  the  dark  line  which 
indicates  the  "incident"  shock  front.   This  is  in  agree- 
ment with  the  predictions  from  the  optical  considerations 
made  before.   ^hoto  50  (Table  2)  corresponds  to  435  lb/in 
chamber  pressure.   The  incident  shock  front  beginning  at 
the  rim,  the  "rim  shock",  ?s  stronger  and  more  inclined. 
The  incident  and  reflect-jd  shock  cones  are  truncated;' 
the  reflection  does  not  ta.ke  place  at  a  point  but  through 
a  "Mach  shock  front",  a  disk  perpendicular  to  the  axis. 
The  cylinder  of  subsonic  flow  past  the  Mach  disk  is  seen 
In  the  figure.    The  reflected  shock  is  in  its  turn  re- 
flected at  the  jet  boundf'.ry  through  a  rarefaction  wave, 
which  is  fa1  ntly  indicated  in  the  photo.   V'/hen  the 
chamber  pressure  is  214  lb/in  ,  the  jet  has  detached 
somewhere  inside  the  nozzle  as  is  clearly  seen  in  photo  51 
(Table  2) , 
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It    is    interesting    to    observe    that    the    jet   at- 
tains   its   rninii-um    cross-section  v.^ere       the    reflected 
shock   front    is  reflected.      The    flow    through  this    cross- 
section  behaves    somewhat    like   the   flow  across   a   nozzle 
throat   or   rather    out   of  an   orifice;    the    flow   changes 
from  subsonic   to  supersonic   speed. 

The    flow   pictures    are    similar    for  the    10      nozzle. 
Photos    43   and   44    (Table   3)    for   the    flow   out    of   a    15° 
nozzle    (No.    27)    exhibit      now  phenomena.      For  875   lb/in 
chamber   pressure,    one    should  have    about   1   atm  at  the 
m.outh  and  expect  only   a   very    faint   shock  or   rarefaction 
wave    to   begin   at    the    rim,      A   faint  wave    of   this   type 
is    seen    to   begin   near    the    rim;    it   develops    into   a    shock- 
Wf.ve   which  becomes   stronger    when   it   approaches    tho 
point    of  reflection,    and  the   reflected  v;ave   has    consider- 
able   strength,    a   most  peculiar  phenomenon  which  we    shall 
observe  more    clearly  If  ter    on. 

Another   peculiar  phenomenon    is    seen?      A   diverg- 
ing weak   shock  front   emerges    from  the    interior  of  the 
nozzle.      It   is   not    difficult   to   explain    its   origin. 
The   sharp   change    in  direction   at   the    throat  forces    the 
jet   to    expand    suddenly    there.      This   expansion  v;ill   be 
stopped  by   a   shock  front,    the    "throat   shoc^".        The 
throat   shock  v/ ill  be   reflected    inside   the    nozzle   and 
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r.  pr.rt  of  this  reflected  throat  ahock  GxtonoG  to  the 'outside 
of  the  nozzle.   A  sinj  Inr  throt.t  shc->  ck  pattern  should 
occur  in  the  5   and  lO'^  rozzles;  but  cither  these 
shocks  are  too  weak  to  be  observed  (5r  they  have  faded 
out  in  these  long  nozzles, 

V/hen  the  nozzle  is  shorter  (or  the  di'vergencc 
angle  larger)  the  throat  shock  pattern  should  extend 
further  out  of  the  nozzle,  and  both  incident  and  reflected 
shock  should  be  visible.   Strangely  enough,  this  is  not, 
or  at  most  only  faintly,  seen  in  the  20   nozzle  (No.  55), 
(^hotos  59,  40,  41,  42),  but  it  will  be  seen  in  "h ^tos 
35  to  38  discussed  below.  (Tible  4) 

In  ^hoto  35,  depicting  flow  out  of  a  22.5'  nozzlo 
(No.  32)  with  high  chamber  pressure  1030  lb/in  ,  one  can 
spot  a  rr.ref action  v/avo  beginning  at  the  rim.   This  wave 
is  evenu tally  stopped  by  a  shock  front  of  gradually  in- 
creasing strength,  the  "stopping"  shock  front;  the  re- 
flected "stopping"  shock  front  is  of  considerable  strength. 
In  ihoto  3^  which  corresponds  to  the  low  chamber  rrcssure 
of  240  lb/in   one  observes  that  the  jet  has  already  de- 
tached from  the  wall  in  the  interior  of  the  nozzle.   This 
becomes  clear  ¥\7hen  one  determines  the  position  of  the  rim 
by  comparison  with  a  flov/  under   high  chamber  pressure. 
Photo  35  say.   Also,  the  boundary  layer  has  already  st.'.rted 
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disintegrating   and    the    rim   shock   cones    clearly   fron   the 
Inter 'or    of    the    nozzle. 

The    thrcr  t    shock   can  be    observed   very   clearly 
in  j^hotos   35    to  38.      The  reflected  throat  shock   is    seen 
faintly   in   Photo    36,       Photo   37  presents   a  very    intorest- 
ing   flow  pattern.      The    chamber  pressure    (425   lb/in    )    and 
hence    also   the    mouth   pressure   are    sm.aller    than    in    the    fl  .nv 
considered   just    before.      The    smaller  pressure    apparently 
forces    the  rim   shock   to    curve   inwfird  noro   str^mgly   and 
the   reflection  to   take   place   nearer    to  the    mouth.      The 
throat  shock   is   affected   5n    such  a  way  tha.t   :  t  suffers 
a  Mach  reflection.      The   reflected   throat   shock   soon 
intersects   the    Mach  disk   of    the    rim   shock;    for    lower 
pressures    (Photo   38)    the   liach  disk  of   th^j   throat    shock 
nearly  merges  with    the    Mach  disk  of    the   rim   shock. 

There   is    no  do\ibt   that    the   incident   throat   shock 
is  weak  while   the   reflected   throat   shock   is   strong;    this 
follows   from    the  fact  that    the   angle    of  the    incident 
throat   shock  with   the  axis    is    small  while    that   of   the 
reflected   throat   shocV-   is    If.rge,      This   fact   is    of   con- 
s'derable    interest.      Tt    is   knovm   that  a   given    incident 
shock  can  bo  rcflcctod,    if   at  ell.    In    tT;-)  v/ays,    through 
a  weak  and  a    strong  shock.      For  progressing   shock  waves, 
the    strong  reflection  has   bo-n  rejoctcrl*      It   is    inter- 
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esting  to  see  that  for  the  steady  flow  out  of  a  nozzle, 
which  is  the  result  of  adjustment  to  a  stable  position, 
strong  reflection  is  possible.   It  is  likely,  t<"o,  that 
the  reflection  of  the  rim  shock  (or  the  stopping  shock) 
is  of  the  strong  variety,  at  least  as  long  as  the  reflec- 
tion is  of  the  Mach  type. 

In  'f'hotos  31  to  34  dopr'cting  the  flow  out  of  the 
30  nozzle  (No.  31)  one  can  just  see  the  throat  shock 
coming  out  of  the  nozzle  (Photo  31)  and  its  Mach  disk 
which  h£is  nearly  merged  with  the  Mach  dislc  of  the  stopr.lng 
shock.   In  :^hoto  34  the  Mach  disk  of  the  rim  shock  appears 
in  a  strange  manner.   It  would  probably  be  possible  to 
explain  this  figure  by  unraveling  the  paths  of  ]ight  rays 
passing  the  neighborhood  of  this  disk.   Jet  detachment 
in  the  nozzle  is  indicr.ted  for  370  lb/in   chr.mber  pressure 
(Photo  34)  , 

Our  actual  Interest  in  Fraser's  report  derives 
mainly  from  his  pressure  measurements.   The  discussion 
of  the  flow  pattern  is  to  serve  mainly  for  a  proper 
interpretation  of  those  measurements, 

A  hole  was  drill ed  through  the  nozzle  wall  near 
the'  mouth  and  the  pressure  of  the  air  stream  r.t   the  v;all 
was  measured,   (We  shrl  1  refer  to  the  pressure  at  the  point 
of  tapping  as  "test  point"  pressure).   It  was  found  that 
the  pressure  ratio;  I.e.,  the  ratio  of  chamber  pressure 
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to    the    tost  point   pressure   wrs   ncr.rly  constant   for 
chnmber  pressure   rr.nging   from  1100   to   500   lb/in    . 
(The    average  value   of   this  ncr.rly   constr.nt  ratio  will 
be    called   the   average   cxpcrimGntal   pressure   rat'o).   For 
smaller    chamber    pressures,  the    test  point   pressure    increased 
rapidly.      This  was   explained   as    indicating   that    jot  detach- 
ment  occurs   before   reaching   the    tost  point.      The  mouth 
pressure    at  v;hich   jet   dcta.chment  first   occurs    Is    found 
to   lie   between    .5   atm  and    .65   atm  r;  thor   independent  of 
the   d'vorgence.      This    is   a   remarkr.ble    result.      One   might 
have   expected    that    jjt  detachm.ent  would  begin   at   lower 
mouth  pressures   for    long  nozzles   a^nd   at   nearly  1   atm  for 
short   and   strongly   d-"vorging   nozzles. 

The   measured  values    of    the    pressure  ratios   r.rc 
compared  with   those    calculated   on   the  basis    of  the   hy- 
draulic  or    one-dimensional    theory  for   nozzle   flow;    (for 
this    calculation   one    need    only  know    the    chr.mber  pressure, 
the    throat  area   and  the    cross-socticn  t.vGa   at   the    point 
of   tapping),      iit   first,  one    should  expect   that   the   exper- 
imental value   of   the    test  point   pressure    is   greater  than 
the    calculated  vr.lue,    at    least   for   nozzles  v;ith  consider- 
able   d'vorgence,    since   d:vergence   offers    to    the   air 
stream  the   opportunity   of  quick  expansion.      Certainly 
this   would  be   so   for    shoc^^less    and    frictlonloss   flow 
through  a    smooth  nozzle    .      Eraser's   experimental   results 

.  R,  ,3TRIC^':D 
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however,  show  just  the  opjiosi  te,  except  for  the  15  nozzle, 

as  is  seen  from  the  table  for  the  calculated  pressure  ratio 

R   ,   and  the  average  exioerimental  pressure  ratio  R 
calc  ^     •  '  exp 

T'he  table  is  copied  below  except  that  the  values  of  R   , 
■^  '■  calc 

and  R   /r   .,   were  recalculated.   (See  also  Table  5) 
exp'  calc 


Nozzle 

Half   angle 

^calc 

^exp 

^exp/"calc              i 

31 

30° 

53.59 

48.7 

.91 

43 

25° 

52.10 

43.7 

.84 

32 

22.5° 

54.43 

45.6 

.84 

33 

20° 

50.17 

50.4 

,87 

27 

15° 

58.17 

63.2 

1.09                       i 

27q 

15° 

54.86 

57.6 

1.05 

26 

10° 

58.87 

57.9 

.98 

24 

5° 

57.53 

56,05 

.97 

...  -    ■      -    1.,    ,   ——.—  —  ■    .i 

In    interpreting   these    results   one    should  not 
forget   that    the   nozzles    tested  by  Eraser   involved   a   sudden 
change    of  direction   at   the    throat.      As   a    consequence   of 
this   disturbance,    a    shock  front  had   dcvelorjod,    which  Vi/as 
observed   In   some   photos,    corresponding    to   nozzles   of   15° 
and  wider   opening*      On    crossing   such   r.    shock  front   the 
pressure    Increases    suddenly    and   3t   may   well   be    that    this 
fact   is    rospons'ble   for    the   major   portion   of    the    10    to 
15     /o    increase    in   test  po:'nt  pressure   observed   in  nozzles 
Nos,    31,    32,    33   according   to   the    tabic    above.      In   the    some- 
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what  longer  15°  nozzle    (No.    27),    the   flow  pnst   the   shock 
has   apparently  had   enough   chance   to   expand    and  thus    to 
decrease  the    pressure   again;    that    the   result   amounts    to 
5    to   7°/o  more    than    the    calculated  pressure    remr.ins    strange. 
(A   deviction   of   a   few  percent   :' s   of  no    significance    since 
the   tnea.  surene  nts    cannot   he    expected   to    be   more    accurr.te    than 
2   or   3°/o.)        Whether    or   not   the    occurrence   of   shocks   is 
mainly    responsible   for    the  devr'ation    from   theoretical    expecta- 
tion  is    still    the   question.      Fraser  himself   gives   a  differ- 
ent  explanation:      "At   15°   and  greater  divergences    it  may 
be    tht  t    the    frictional    loss    in    the    convergent   portion    is 
the   more    important   pert.      This    causes   a    consequent   drop 
in  the    pressure   at   the   throf^.t    to   below   the    theoretical 
critical   pressure    nnd,  therefore,    a    consequent  drop    in   the 
pressures   along   the    divergence.        The   rising  mouth  pressure 
with   increasing  divergence  must    then  be   attributed   to   a 
further   departure    from  the   adiabatic   expansion   in   the 
divergence   due    to   general    turbulence   rather  than  wall   fric- 
tion."       Eraser's   argument  would    also   hold    for    nozzles  with 
a    smooth   throat.       It  would,    therefore,    be    of    interest   'to 
have    experimental   evidence    about   the  i  erformance   of   smooth 
nozzles  with  wide  divergence. 

The   preceding   remarks    refer   to   the   pressure    at 
the   wall.      The    flow  distribution   over    the    cross-section   is 
certainly    influenced  considerably   by    the   shock  fronts. 
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T.    V/.    Maccoll,    in  a    note    added    to   Fraser's    interim  roport 

for  Fcbruf-ry    rnd   M'.rch  1941,    observes    thr.t   bettor   ng»ecment 

with    the    result  of  t  h£'    hydraulic    treatment    could    be    expected 

if,    for    comparison,    the   r.vorage   pressure   over   a    cross-section 

is    taken,    instead   of   the   wall   pressure.      He    points   out    that 

the    photographs   for  the-    flow  through  the   15      nozzle    show   that 

the   pressure   near   the    axis    is   greater  than   at   the   vail.      This 

is  also    clear    from   the    fact  that    the    air  passes    the    observed 

shock  front   from  exterior    to    interior.      The    ratio   R        /r      ^ 

exp   calc 

would,  therefore,  be  less  than  1,07  if  R    were  based  on  an 

'  exp 

o  o 

average    over    a    cross-sect5 on.      For    the    20      to   30      nozzles 

the   direct*  on   of  the    thror.t   shocl'   5  s    such  th-  t    the  pressure 
in  the    interior   should   be    less   than    it    the   wall,    and,    conse- 
quently,   the-    ratio   R        /r      -,       should    increase   when  based 
'' '  exp      cal  e 

on   the  average    over  a    cross-section, 

Tn  any    case,    Fraser's   pressure   measurements   are   no1» 
sufficient   to  derive   conclusive    information   on  t  he    performance 
of    smooth  nozzles   v/lth   wide   divergence, 

A    fevi/    indications  may  be    given    about    the    contents    of 
the   third   and  fourth  report.      The   experiments  wore   repeated 
with  a   new    15      nozzle    (No.    27a)    and    the   previous    strange    re- 
sults  wore    confirmed.      A    smooth   10      nozzle    (No,    41)    v;as    teste*, 
and   the    results  were    nearly    identlca.l  with  those    for    the 
lO"^   nozzle    (No.    26)    with   chanfje   of  direction  at   the    throat 
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previously    tested.       It  vxjuIc    hr.vo  been   interesting   if   smooth 
nozzles  wlthwjldcr   divergence   had   t  Iso   been   tested.      A   lO'"' 
nozzle    (No.    42a)    with  a   shorter   entry   section  v;ns   tested 
(Photo   55,    Table    6);    it   is   interesting    that    :'n   this   case 
a   reflected  throat  shock  becomes   visible.      This    shov/s    that 
the    entry  portion  has   an    'nfluence   on   the    flow  psittern   even 
in   a    long   nozzle.      A   simil;  r    nozzle    (No.    42)    w'th  a   pfirallel 
section  at    the    rim   was   tested    (i  hoto    5&,    Table    6).      One    ex- 
pects  that  a   shock   front  of   some    strength  v/ill   develop   at  the 
beginning   of    this    p.  rallel    section  and  that   the   pressure   at 
the   \vall    of    this    section  rises    considerably.      Both   expecta- 
tions   are    clearly    aj nfirmed. 

In    the    fourth  report"    a   nozzle   designed   for    the 

o 

rather   low    chfanbcr   pressure    of   80   Ib/in*^    =   5.44    atm  was 
tested    (Photos   3   to  8,    Tt;blc    7).      For   30   lb/in''    the    shock 
front  has    just    come    out    of    the    nozzle,     (^hoto   3).      For 
^0    lb/in      the    emerging   stream   is   rr.ther    parallel    and    only    a 
weak  wave   develops    from   thu    rim,     (-hoto   6).      For   greater 
chamber  pressures    (100   and    160   lb/in   )    rarefaction  vifaves 
develop   from  the    rim  which   are   partr'cul;  r ly  vasible.      Again 
these    rarefaction   waves    are    stopped  by   a    shock  front   of 
gradually  increasing   strength;   this   stopping   shock   is    then 
reflected   by   shocks    of    apparently    considerable   strength. 


"Another  pr^'blem    treated   in   this   report   may  be    briefly 
mentionud:      Obstacles   were    opposed    to    the    jot,    the 
resultiiTf     flow  pattern  wr.s   photographed,    and    the    s~>me- 
times   very    strange   back  reactions   on   the    nozzle   were 
measured, 
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A  grJidually  developing  stopping   shock  with   a  rr.ther 
strong  reflected   shock   is    ptrt*  cularly   clearly    seen    in 
photo    1    (Tnble    6)    depleting    the    flow    out   of    ;n    or' f  ice; 
i.e.,    'c\   nozzle  which  cmsjsts   of   only   a  diverging   section, 
the   exit  being  r,t   the   throat.      If   the   pressure    is   increased, 
(Photo   24,    T;  ble   6),    the    stopping  shock  begins   nearer  the 
rim  and  becomes  rather    strong;    the   Mach  disk  nearly    covers 
the  v;hole    jet    cross -section. 

The  flow  pf.t  terns   in    the   jot    as   revealed  by  ^Vascr's 
Shadowgraphs   differ  decisively  from    the    flow  pattern  described 
by   Prandtl    (1907).      Prandtl' s  pattern    for   a   jet  which  emerges 
from  the    nozzle  with  a    pressure   gre^-.ter   than    atmosphere    is 
easily  described   for   two-dimensiona.l    flov;   emerging  with   con- 
stant velocity,      Iwo   rarefaction  waves   begin  at  the   two 
edges    through  which   the  pressure    adjusts   to   atmospheric 
pressure;    these  waves,  rfter    intersecting   each  other,    are 
reflected   at   the    opposite   b-^undr.ries   of  th'-    jet   as    contrac- 
tion waves,   which   eventually    converge    to    t\7o   points   on    the 
original   boundaries;    this   flow  pattern  then  repeats   itself 
periodically.       (See   Table    8)  It  w;is    apparently   Prandtl 's 

opinion    that  for   jets    emerging  with  non-constant  velocity 
and    for   three-dimcns'  mal    jots,    the    flow  pattern  wjulc   be 
similJ-r.      St?  nton    (1926)    had    concluded   fromvrr^'ous    exper- 
iments   thi  t    the   actual    flow   pattern   is    quite    different. 
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Prr.scr's    Shr.dowgraphs    sh'.'V/   the    deviation    of    the 
actual  pattern   from   Prandtl's   prttern  with  pr-rticulf.r   clrrity. 
V.    Neumann,    who    in   tMc    conn.-ction   hid    cr.llGd   the   vT'ter's 
-.ttcntion   s-^no    tino   r  -^    to  Fr    r..,r'^  ;?hoto,-r;.  hs,   hr.d   pointed 
out   that  the   decisive   now    (and  unexpected)    clement    in   the 
correct  flow  pattern   is   v;hat   was   here    called    "stopping  shock" 
of  a   rarefaction  wave;    tha.t    considerable   over-e:>cpansion   occurs 
in  the   front   of    the    stopping   shock    (and  the    Mach   shock)-,    and 
that    the    stoppinf^   sh'.jck   cuts    through  the   Mach  lines   compos- 
ing   the    rarefaction  wave,    beginning  at    the   last    of   these 
lines    in  the    d5  re ct i'vn  of    thr.t   line  v/ith   strength   zero, 
(See   Table   8) . 

This    strange   phenomenon    calls   for   an  explanation. 
It    is   rather    instructive   for    this    purpose    to    compf:ire 
Photos    48    find   31   v;hl  ch    show  the    jet   produced   by  essentially 
the    same    chamber  pressure,    1140  and    1150   lb/in    .      Although 
the    exhaust  pressure    is   r.pproxima  tely  the    same    in  both   cases, 
approximately   1.3   atm,    the    flov/   patterns   arc   quite    different. 
Stopping   shock  and  reflected   shock  are  much   stronger    in   the 
jet  with  greater   divergence;    and   it  becomes    clear   that  di- 
vergence  has   a    strong   influence     ^n   this   phenomenon.       It    seems 
that   the    phenomenon    can  be   ex;  lained   as   due    solely   to   di- 
vergence,   and   the   fact   thf-t   atmospheric   pressure   must   pre- 
vail at    the    jot  boundary.      It   is   evident   that    in  a  diverging 
flow  the   pressure   will   co-ntinue    to   decrease    and  very   ra^pidly 

at    that.      The   reason    is   that    the    stream  will    continue    in 
s 
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the    sane  v«iy   that    it   would    if   the    nozzle   continued,    until    it 
reaches    the   first  Mach   line   of   the   rarefaction  wave.      Across 
the   rarefaction  wave   the   pressure   decreases   furthe;r   and    it 
is   thus    clear   that    there   w5  11  be   a  pressure   gradient    from 
the    jet  boundary   toward    the    inside   of    the    Jet.      This   pressure 
gradient    then  will    cause   the    Jet    to    turn   inward.      S'nce    the 
pressure    is   C(jnstant  along  the    Jet  b'Oindr.ry,     the  Mach  angle 
there    is    also    constant.      As   a    consequence,    the   Mach   lines 
issuing  from   the    Jet   boundary  under  the    Mach   angle    turn 
inward,      .filthough    it    is   not   excluded  by  the   present   argument 
that    these   Mach   lines    eventually  diverge    again,    it   appears 
that    they   do  not,  but   rr^thcr    intersect.      It   could   be   seen 
that   the    first   p'^'nt   of   i  ntorsectl  on :    i.e.,    the   tip   of  the 
envelope    of   those    Mach   lines,    lies   on   the   external  Mach  line 
of    the  rarefaction  pencil.      Thus    it  follcws    that    a   shock 
front  must  begin   somewhere  past   the  rarefaction  wave   and 
cut    into    it.      That   the    shock   should   begin  at   the   rim    is 
not   indicr.ted;    various    of  Praser' s   flow  pictures    could    be 
so    interpreted   that    it   begins   later.      The  arguments   advanced 
could  be    corroborated  and  refined  by   considering   the   hodo- 
graph  of   the  flow, 
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In   this   connection,    a   paper    by  J.    ilartnKnn   tnd 
1''.   Lazarus   sho^jlc    be  ment^onco    (The   /  ir-Jet  w"  th   c 
Velocity  L-xcesding   that  of   Sound,    T'be    '"h*  losor.h"' cal 
Maraz^ne,    >;XXI,    Januf.ry,    1941),    in  which  nany  photo- 
graphs  of   jets  from  an  orifice   are    shov/n  and    pr'ecsure 
measurements   are   reported.      It  was   found  thft   the 
pressure   vj thin  the    jet  decreases    stron-ly   to  a   value 
far   below   atnos^>her^  c  pressure  unt^l   raised   'y  a 
sV  oc^'  front,      i.    feature   o^"  part"*.cu]ar   interest   can 
be    seen   fror   the   nhoto -raplis :      when  the    chanber 
pressure    is    snail,    a   stoppinr   shoc^  begins   near 
the    opposite  boundary   of  the    jet.      In  that   case 
the    shock  front   consists   only   of  a   truncated   cone, 
which   corresponds    to  vhat  had  been   called    "reflected" 
shock  front.      As    the    chanber  pressure    ?s    incr-eased, 
the    truncated   cone   becooies   a   full   cone   and,    on   further 
increase,   the    Mach  c  1  sic  and  v-hat  had   been   caviled    the 
"incident"    shock  front  appear.      It    1 s   clear   that   the 
"incident   shock"   is  weak   shortly  after    it   has   ap- 
peared,   and    on    this  basis    it   could   be    seen    that    the 
reflected   shock  5s  of   the   stronp-  var'ety.      These 
results   seen   to    corroborate   the   arfunents    -Iven  above, 

''he    latter   phenomena   d'd    not   occur   in  Phraser's 
shndowprrphs.      There    is   no   cfoubt,    however,    that  on 
closer   scrutiny    they   would  reveal  much  additional 
Infornictlon  on  possible   jet  patterns, 
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